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Main Results

48
CBFV, cerebral dynamic autoregulation index (ARI), heart rate (HR), arterial blood pressure 49 (ABP), critical closing pressure (CrCP) and resistance-area product (RAP) changed 50 significantly (all p<0.0001) for hypo-and hyper-capnia. These parameters were shown to 51 follow a logistic curve relationship representing a 'dose-response' curve for the effects of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 Introduction   60   61 Cerebral autoregulation (CA) is usually defined as the tendency of cerebral blood flow (CBF) 62 to remain approximately constant despite changes in blood pressure (BP) within the range 50 63 to 170 mmHg (Lassen 1959 , Paulson et alet al 1990 . However, outside these limits, CA 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 94 Current understanding of vascular physiology principles has led to models adopting the 95 principle that vascular bed resistance-CO2 response relationships are sigmoidal (Duffin et al 96 2017). Although logistic modelling has been applied to parameters like branch pressure or 97 resistance, there is a clear clinical importance in developing such models in health and 98 pathological states to help understand variations in cerebrovascular CO2 responsiveness.
100
We used a wide range of PaCO2 within a multi-step protocol to test for the first time the 101 hypotheses that i) a commonly used index of dCA, the autoregulation index (ARI) shows a 102 dependence on PaCO2 following a logistic non-linear model, similar to that described for 103 CBFV; and ii) key cerebral haemodynamic parameters including ABP, heart rate (HR), critical 104 closing pressure (CrCP) and resistance-area product (RAP) can also have their dependence on 105 PaCO2 described by a logistic non-linear model. 
Methods
108
Subjects and measurements 109 The study was conducted in accordance with the Declaration of Helsinki (2000) . Ethical 110 approval was obtained from the University of Leicester Ethics Committee (Reference: jm591-111 c033). Healthy volunteers were recruited from University departmental staff, students and their 112 relatives. Participants aged above 18 years were included. Exclusion criteria were physical 113 disease in the upper limb, poor insonation of both temporal bone windows and any significant 114 history of cardiovascular, neurological or respiratory disease. All participants provided written, 115 informed consent.
116
The research was undertaken in the University of Leicester's Cerebral Haemodynamics in 117 Ageing and Stroke Medicine research laboratory, maintained at a constant ambient temperature 118 of approximately 24°C and free of distraction. For the purposes of the study, participants were 119 asked to refrain from caffeine, alcohol and nicotine in the 12-hour period prior to measurements 120 being undertaken. Beat-to-beat BP was recorded continuously using the Finometer® device 121 (FMS, Finapres Measurement Systems, Arnhem, Netherlands), which was attached to the 122 middle finger of the left hand. The servo-correcting mechanism of the Finometer® was 123 switched on and then off prior to measurements. The hand bearing the finger cuff was at the 124 level of the heart to negate any hydrostatic pressure artefact. HR was recorded using a standard 125 A c c e p t e d M a n u s c r i p t episode was preceded by a 90 s recording to achieve physiological stability before and 140 immediately after the hypercapnia study period. After a further period of 5 min of stabilization, 141 participants performed a 5 min baseline recording and then were asked to hyperventilate in 142 random order, as previously described, at different respiratory rates to produce incremental 143 reductions in EtCO2 of 5mmHg and 10mmHg less than normocapnia for that individual.
144
Hyperventilation was sustained for a minimum period of 90 s, or a maximum of 120 s. A c c e p t e d M a n u s c r i p t 7 Data collected corresponded to six individual files for each participant: 2 at baseline, 2 157 hypercapnic and 2 hypocapnic. First, data were inspected visually and calibrated to recorded 158 systolic and diastolic OMRON BP. Narrow spikes (<100ms) were removed using linear 159 interpolation and the CBFV recording was then passed through a median filter. All signals were 160 then low pass filtered with a zero-phase Butterworth filter with cut-off frequency of 20Hz.
161
Automatic detection of the QRS complex of the ECG, to mark the R-R interval was used, but 162 also visual inspection was undertaken with and manual correction whenever necessary. This 163 allowed mean ABP, HR, EtCO2 and mean CBFV to be calculated for each cardiac cycle. CrCP 
where K represents a gain parameter in the second order equation, and x2(t) is a state variable obtained 173 from the following state equation system representing a second-order equation: 174
where parameters T and D correspond to the damping and time-constant terms of a second 177 order model, and f is the inverse of the sampling frequency (Tiecks et al 1995) .
178
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where v(n) and p(n) are discrete samples of V(t) and P(t), respectively , and the coefficients a, 182 b and c are directly related to the original parameters K, D, T above.
183
The ARMA model was applied for a 60 s time moving window using BP as input and CBFV 184 as output. Using the model coefficients (a, b, c), the CBFV response to a step change in BP 185 was obtained and the corresponding value of ARI was estimated by fitting one of the 10 CBFV 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 9 on the number of outliers removed. In general, the final number of outliers removed was eight 211 or less. The advantages and limitations of this new approach will be discussed later.
212
Statistical Analysis
213
The study protocol was tested for differences in each level of CO2 using one-way ANOVA.
214
Data normality was assessed with the Kolmogorov-Smirnov test. Baseline measurements were 215 assessed for differences between values derived for right and left hemispheres using a paired 216 Student's t-test. These were averaged when no significant differences were found. Repeated 217 measures ANOVA was used to assess for differences between model parameter values for each 218 haemodynamic parameter group. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Results
220
Forty-five subjects (19 male) of mean age 37.5 years (range 21 to 71) were included in the 221 analyses. None of the subjects were smokers or had diabetes.
222
Differences between recordings from the right and left MCA were not significant for any of 223 the bilateral parameters considered, averaged values for the two sides were used in all 224 subsequent analyses. Baseline cerebral haemodynamic parameters are presented in Table 1 . 234 Population values of model parameters are given in Table 2 , with corresponding population 235 average logistic curves represented in Figure 4 . In all cases the dependence on EtCO2 reflects 236 the expected physiological effects of PaCO2 on each of the parameters modelled as will be 237 discussed below.
238
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383
Finally, the relatively low values of MSE obtained in each case (Table 1) , also demonstrate the 384 appropriateness of using logistic curve models to describe the effects of PaCO2 on systemic 385 and cerebral haemodynamics.
387
Fourthly, estimation of logistic curve parameters is not a straightforward procedure. For the 388 case of expressing the ARI dependence on EtCO2 using a sigmoid curve, the problem is 389 worsened by the high variability of ARI estimates, mainly when using a 60 s moving window 390 coupled to an ARMA model (Dineen et al 2010) . The choice of breaking down each of the six 391 recordings into four data segments of equal duration, aimed to achieve a compromise between 392 obtaining relatively robust mean values over each of these segments, and having enough 393 degrees of freedom (6x4=24) to be able to estimate the four main parameters of the logistic 394 model. Noteworthy, this was an empirical choice and more work is needed to assess the 395 sensitivity of parameter estimates to other alternatives. We found the combination of least 396 squares with the bootstrap removal of outliers a fairly robust approach to this problem, as 397 shown by the relatively small model errors (Table 2 ). Nevertheless improvements in this area, 398 and further validation studies, are warranted to achieve new methods for the unsupervised 399 estimation of logistic curve parameters in the presence of low signal-to-noise ratio 400 measurements, as is the case for ARI and CrCP (Panerai 2014).
402
Importantly, although we have elected to use the ARI index to describe the dependence of dCA 403 on PaCO2, due to its widespread use in the literature, this is by no means the only option.
404
Available and alternative indices, such as TFA phase or the Mx index could be equally 405 employed for this purpose, as long as there are enough data points to describe the logistic curve 406 across the physiological range of PaCO2. Mx is a mean index, based on continuous assessment 407 of slow and spontaneous fluctuations of CBFV and cerebral perfusion pressure offering 408 information on cerebral pressure reactivity (Czosnyka et al 1996) . With different indices 409 though, it is likely that the scatter of the four parameters describing the logistic model (Table   410 3) would be different, thus affecting future use of these data for calculation of adequate sample 411 sizes.
412
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Page 20 of 27 AUTHOR SUBMITTED MANUSCRIPT -PMEA-102462 .R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 A c c e p t e d M a n u s c 21 Values are mean (SD) (n=45). CBFV, cerebral blood velocity; ABP, arterial blood pressure; EtCO2min, minimum values of end-tidal carbon dioxide during hypocapnia; EtCO2max, maximum values of end-tidal carbon dioxide during hypercapnia; CrCP, critical closing pressure; RAP, resistance area product; ARI, Autoregulation Index; k coefficient: exponential gain coefficient; x0 coefficient: EtCO2 level corresponding to peak derivative of the logistic curve; MSE: mean square error, same units as dependent variables. CBFV, CrCP, RAP and ARI were averaged for the right and left MCAs.
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